s Abstract Molecular motions are widely regarded as contributing factors in many aspects of protein function. The enzyme dihydrofolate reductase (DHFR), and particularly that from Escherichia coli, has become an important system for investigating the linkage between protein dynamics and catalytic function, both because of the location and timescales of the motions observed and because of the availability of a large amount of structural and mechanistic data that provides a detailed context within which the motions can be interpreted. Changes in protein dynamics in response to ligand binding, conformational change, and mutagenesis have been probed using numerous experimental and theoretical approaches, including X-ray crystallography, fluorescence, nuclear magnetic resonance (NMR), molecular dynamics simulations, and hybrid quantum/classical dynamics methods. These studies provide a detailed map of changes in conformation and dynamics throughout the catalytic cycle of DHFR and give new insights into the role of protein motions in the catalytic activity of this enzyme.
INTRODUCTION
Dynamic processes are implicit in the catalytic function of all enzymes (27, 32, 60) . Protein motions are implicated in events such as binding of substrate or cofactor, product release, or allosteric regulation. These processes are often mediated by conformational fluctuations of active site loops, by hinge-bending motions, or by reorientation of protein domains or entire protein subunits. In addition, the catalyzed reaction itself involves an inherently dynamic process, with changes in atomic coordinates required along the reaction coordinate (11). Despite the wealth of information on enzyme structure and kinetic mechanisms, the relationship between protein fluctuations and catalytic function remains poorly understood and controversial (63) . Here, we review recent work on the enzyme dihydrofolate reductase (DHFR; 5,6,7,8-tetrahydrofolate:NADP + oxidoreductase, EC 1.5.1.3) that provides insights into the link between protein dynamics and its enzymatic function. We also refer the reader to earlier reviews that discuss the role of flexibility in DHFR catalysis (42, 50) .
DHFR is a ubiquitous enzyme found in all organisms. The enzyme catalyzes the reduction of 7,8-dihydrofolate (DHF) to 5,6,7,8-tetrahydrofolate (THF) by stereospecific hydride transfer from the NADPH cofactor to the C6 atom of the pterin ring with concomitant protonation at N5 (Figure 1 ). In many organisms, the reduction of folate to DHF is also catalyzed, although less efficiently.
DHFR plays a central role in maintenance of cellular pools of THF and its derivatives, which are essential for purine and thymidylate synthesis and hence for cell growth and proliferation. DHFR is the sole source of THF, and as such is an Achilles' heel of rapidly proliferating cells: The enzyme is the target of several important anticancer and antibiotic drugs. Indeed, part of the impetus more than 40 years ago for studies leading to the discovery of DHFR was the search for the therapeutic target of the anticancer drug methotrexate (MTX) (30). MTX remains one of the most potent chemotherapeutics in the treatment of leukemias and lymphomas. DHFR is also the likely target in the treatment of rheumatoid arthritis by MTX. Trimethoprim, which binds to bacterial DHFRs 10 5 times tighter than it does to vertebrate DHFRs, is an important antibacterial agent (28). The antimalarial agent pyrimethamine targets DHFR from Plasmodium falciparum (55) .
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Figure 2
The catalytic cycle of E. coli DHFR. The five primary intermediates and the rate constants at pH 7 (9, 24) are shown. E, dihydrofolate reductase; DHF, dihydrofolate; THF, tetrahydrofolate; NADPH, reduced nicotinamide adenine dinucleotide phosphate; NADP + , oxidized nicotinamide adenine dinucleotide phosphate.
coworkers (24) . Under steady-state turnover conditions with cellular concentrations of substrate and cofactor, the catalytic cycle follows a distinct pathway through five kinetically observable intermediates: the product complexes E:THF:NADP + , E:THF, and E:THF:NADPH; the holoenzyme E:NADPH; and the Michaelis complex E:DHF:NADPH (Figure 2 ). An important aspect of the catalytic cycle is that the chemical step, hydride transfer, is not followed immediately by product release. Following hydride transfer, release of the oxidized cofactor (NADP + ) and rebinding of NADPH precede release of product, which is the rate-determining step. In this way, free enzyme is not generated under physiological conditions and the enzyme remains primed for the next round of catalysis. The control over cofactor binding may be an adaptation of bacterial cells to their NADP + -rich cellular environment (3). The coordination of ligand binding and release is maintained by a synergistic interaction between the substrate and cofactor binding site, in which the off-rates of oxidized cofactor are elevated in the presence of bound product and the off-rates of product are elevated in the presence of reduced cofactor (24).
Asp27 is the only ionizable group within the active site of E. coli DHFR with the potential to donate a proton to the N5 atom of the pterin ring, and mutational studies have supported its critical role in the hydride transfer reaction (29). The rate of hydride transfer is pH dependent, with a pK a of 6.5 that has been attributed to Asp27 (24). This unusually high aspartate pK a can be explained by the low dielectric of the active site, from which most of the solvent molecules are excluded at the point of hydride transfer (10). However, an alternative mechanism has been suggested, in which protonation of the N5 atom of DHF directly from solvent is responsible for the pH dependence (14). This mechanism has received support from recent theoretical calculations (53) .
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THREE-DIMENSIONAL STRUCTURE
Overall Fold and Subdomain Structure of E. coli DHFR
The biological importance of DHFR has prompted numerous structural studies. The first crystal structure of a DHFR enzyme was published 26 years ago (39) . Since then, X-ray structures have been reported for complexes of the enzyme from various sources, bound to a wide range of ligands, including the substrate, product, and cofactor and their analogs, as well as inhibitors. For example, the Protein Data Bank (PDB) contains more than 40 structures of the E. coli enzyme in various liganded states.
E. coli DHFR is a small (∼18 kD) protein with an α/β structure consisting of a central eight-stranded β-sheet (composed of β-strands A-H) and four flanking α-helices (designated α B , α C , α E , and α F ) (Figure 3 ) (6). The active site cleft divides the protein into two structural subdomains: the adenosine binding subdomain and the major subdomain. The adenosine binding subdomain (residues 38-88 in E. coli DHFR) is the smaller of the two subdomains and provides the binding site for the adenosine moiety of the cofactor. The major subdomain consists of ∼100 residues from the N and C termini and is dominated by a set of three loops on the ligand binding face that surround the active site. In terms of sequence length, these loops make up approximately 40%-50% of the major subdomain; hence it is sometimes called the "loop" subdomain. The loops are termed Met20 (residues 9-24), F-G (residues 116-132), and G-H (residues 142-150). The Met20 and F-G loops are also referred to in the literature as 1oop 1 and loop 2, respectively. Hingebending motions about Lys38 and Val88 allow the adenosine binding domain to move relative to the major domain upon binding of various ligands, resulting in closure of the active site cleft (7).
Active Site Loop Conformations
The substrate and cofactor bind in a deep hydrophobic cleft at the juncture of the two subdomains. In the ternary complex with NADP + and folate, the pterin ring of the substrate and the nicotinamide ring of the NADPH cofactor bind in close proximity in the active site, with the hydride donor atom (C4 of the NADPH cofactor) and hydride acceptor atom (C6 of the pterin ring) in van der Waals contact (8). The Met20 loop lies directly over the active site, protecting it from solvent, and is primarily responsible for determining the active site architecture. The F-G and G-H loops play stabilizing roles via hydrogen bonding interactions with the Met20 loop. Extensive X-ray studies of E. coli DHFR in numerous ligand-bound states show that the Met20 loop assumes four characteristic conformations in the crystalline state, denoted occluded, closed, open, and disordered (56) . The occluded and closed conformations have been observed in solution NMR experiments (45) , and chemical shifts for marker resonances sensitive to the conformational change have been identified (46) . The open Met20 loop conformation has been observed only in certain crystal forms and appears to be stabilized by crystal lattice contacts (56 (56) . The Met20 loop is disordered in X-ray structures of the apoenzyme and of the MTX complex in the space group P2 1 2 1 2 1 : The electron density maps suggest that the disorder may result from time-averaged fluctuations between the occluded and closed conformations (56) .
The conformation of the active site loops depends on the ligands bound in the substrate and cofactor binding sites (56) . If only the substrate site is occupied, DHFR assumes the occluded loop conformation. Binding of the nicotinamideribose moiety of the cofactor within its binding pocket leads to formation of the closed conformation, in which the Met20 loop is packed against the nicotinamide ring of the cofactor, thereby closing the active site and protecting it from solvent. Thus, loop movement is coordinated with the stages of the catalytic cycle. It is important to note that only the closed conformation allows positioning of the cofactor and substrate reactive centers in close proximity within the active site pocket, as is observed, for example, in the structures of the E:folate:NADP + and E:MTX:NADPH complexes, which are believed to be good models of the Michaelis complex and transition state, respectively (56) .
The occluded and closed conformations differ in structure in the central portion of the Met20 loop and in the pattern of hydrogen bonds formed between the Met20 loop and the F-G and G-H loops (Figure 4 ). In the occluded state, the central region of the Met20 loop forms a 3 10 -helix, with Met16 and Glu17 projecting into the active site, where they occlude the binding site for the nicotinamide ring of the cofactor (56) . The occluded conformation is stabilized by hydrogen bonds between Asn23 (backbone CO and NH) in the Met20 loop and Ser148 (NH and Oγ ) in the G-H loop. In the closed conformation, residues 16-19 form a type III β-hairpin. Met16 and Glu17 are flipped out of the active site, thereby allowing nicotinamide binding, while the side chains of Asn18 and Met20 pack down over the bound substrate and cofactor. The Asn23/Ser148 hydrogen bonds are disrupted, and new hydrogen bonds are formed between the backbone NH and Oδ of Asp122 in the F-G loop and the backbone CO and NH of Gly15 and Glu17, respectively. The magnitude of the structural rearrangement is large; the hydrogen bond donors and acceptors in the closed complex are more than 9Å (Asp122 to Gly15) and 11Å (Asp122 to Glu17) apart in the occluded conformation.
Loop and Subdomain Movements During the Catalytic Cycle
Sawaya & Kraut (56) proposed a detailed structural model for the conformational changes during the catalytic cycle on the basis of analysis of isomorphous crystal structures of E. coli DHFR complexes analogous to the five kinetic intermediates and to the transition state for hydride transfer. The structures suggest that the Met20 loop is in the closed conformation in the holoenzyme, the Michaelis complex, and the transition state, but occludes the nicotinamide binding pocket in the three product complexes ( Figure 5 ). In the Michaelis complex and transition state, the nicotinamide-ribose moiety is predicted to occupy its binding pocket within the active site, in close proximity to the pterin ring of the substrate. However, in the occluded E:THF:NADP + and E:THF:NADPH product complexes, this moiety projects into the solvent. Movement of the adenosine binding subdomain relative to the major subdomain at different stages of the catalytic cycle modulates the width of the p-aminobenzoylglutamate binding cleft. This cleft is narrowest in the structures that model the Michaelis complex and transition state and becomes wider in the occluded product complexes. The domain rotations may play a role in transition state stabilization and cofactor-assisted THF release (56) .
DYNAMICS Slow Isomerization
The first hint of conformational dynamics in E. coli DHFR came from kinetics measurements that showed that the apoenzyme exists as two isoforms, denoted E1 and E2 (12, 16, 17). The second isomer was detected as a slow ligand-independent phase that followed an initial ligand-dependent burst phase in stopped-flow fluorescence kinetics. Interconversion between the isoforms occurs at a rate of 0.035 s −1 (13). With the exception of MTX, which binds equally well to both isoforms, binding of ligand either to substrate or cofactor sites resolves the conformational ambiguity and results in a single observable conformation that readily binds further ligands to form ternary complexes.
Ground state conformational heterogeneity appears to be a common feature of DHFRs. The existence of slowly interconverting conformational states in DHFR from several sources has been demonstrated by NMR. Because the chemical shift is a highly sensitive probe of structure, a single spin giving rise to multiple peaks in an NMR spectrum is indicative of a conformational process that is slow on the NMR chemical shift timescale. For E. coli DHFR, resonance splitting has been observed in spectra of the binary complex with MTX, primarily for residues in the major subdomain, and particularly within the central eight-stranded β-sheet (20). Although a direct link is difficult to establish, the conformational exchange that gives rise to splitting of resonances occurs on a slow timescale and is likely related to interconversion of the E1 and E2 isoforms that were identified from the biphasic substrate and cofactor binding kinetics. As in the case of the E1/E2 interconversion, binding of folate or NADPH to the apoenzyme appears to stabilize a single conformer, resulting in a single set of resonances in the NMR spectrum.
Slow conformational changes have been observed for DHFR complexes from several other species, including Streptococcus faecium (25), Lactobacillus casei (4), and Homo sapiens (31). In contrast to E. coli DHFR, the L. casei enzyme exhibits a slow isomerization in the folate-bound complex (as well as in several ternary complexes containing NADP + ) and shows no evidence of isomerization in the apo-enzyme or MTX-bound form. NMR studies of S. faecium DHFR have identified a doubling of the resonance for Trp22, suggesting that the apoprotein also undergoes a slow exchange process with at least two conformations exchanging at a rate of ∼100-200 s −1 (25). Thus, slow exchange between two isomeric states appears to be a general feature of DHFR, although the precise energetics of the process varies from species to species. The sources of the energetic discrepancies are probably manifold. It was suggested that the lack of isomerization in the MTX complex with L. casei DHFR is because His28 makes contact with the γ -carboxylate of MTX, whereas the equivalent position in E. coli is an alanine (Ala29) (23). The equivalent residue in human DHFR, which also has a single conformation in the MTX binary complex (61) , is an arginine. Not surprisingly, the isomer populations can be significantly affected by changes in temperature and pH, and by site-directed mutagenesis (13, 15, 26).
Motions of Bound Ligands
Measurements of the dynamics of L. casei DHFR complexed with several antifolate agents, which occupy the substrate binding site, reveal extensive motions of the bound ligand (for a comprehensive review, see Reference 23). In particular, the benzyl and glutamyl portions of the drugs exhibit motions over a wide range of 127 timescales. The trimethoxybenzyl ring of trimethoprim bound to L. casei DHFR undergoes 25
• -35
• oscillations about its axis on a subnanosecond timescale, and complete flipping of the trimethoxybenzyl moiety has been observed on timescales from 10 to 800 s −1 at room temperature (48, 59 ). Flipping of the ring is not a simple process that is independent of protein structure (59) . The X-ray and NMR structures of L. casei DHFR bound to trimethoprim indicate that flipping of the trimethoxybenzyl moiety within its binding pocket is sterically unfavorable and that substantial relaxation of the surrounding protein matrix is required to lower the activation energy barrier for ring flipping. Binding of cofactor increases the barrier: The rate of trimethoxybenzyl ring flipping is decreased 70-fold in the ternary complex with NADPH compared with the binary trimethoprim complex (48) . Correlated motions of the ligand and protein side chains have been observed in the binary MTX complex of L. casei DHFR (5, 44). Binding of the MTX p-aminobenzoylglutamate tail occurs through interactions of the α-and γ -carboxylate groups with the Arg57 guanidino and His28 imidazole groups, respectively (6, 38). NMR experiments indicate correlated rates of rotation about the Nε-Cζ bond in Arg57 and the C -Cα bond in the glutamate moiety of bound MTX, thereby preserving the ion pair formed between Arg57 and the α-carboxylate group. The rate of this rotation was determined to be ∼1000 s −1 at 313 K (44). The dynamics of trimethoprim bound to E. coli DHFR have been investigated using line shape simulations and relaxation measurements of deuterium NMR powder spectra (66) . Whereas the trimethoxybenzyl ring appears to be rigid on the timescale of these experiments, the methoxyl groups of the bound inhibitor exhibit substantial librational motions (on a timescale of 10 −7 s) in the binary complex. Binding of NADP + appears to tighten up the binding pocket, resulting in restriction of the methoxyl group motions of the bound trimethoprim.
Met20 Loop Dynamics
Because of the important contacts made with substrate and cofactor and the compelling evidence for loop conformational changes during the catalytic cycle, much effort has been focused on the role of Met20 loop dynamics in ligand binding and catalysis. For the E. coli apo-enzyme, a second conformational equilibrium, faster than that between E1 and E2, is detectable by NMR within the Met20 loop. When magnetization transfer between the pair of resonances observed for the side chain imino proton of Trp22 was measured, the rate of fluctuations in the Met20 loop was estimated at ∼35 s −1 (21). This rate is comparable to the rate of product dissociation (12 s −1 ) from the E:THF:NADPH ternary complex (24). Conformational exchange on a similar timescale was also observed for the Met20 loop in the MTX binary (52) and folate binary (33) complexes. Replacement of the central portion of the Met20 loop (residues 16-19) with a single glycine residue slows hydride transfer by more than 500-fold without significantly affecting the Michaelis constants (K m ) for substrate (DHF) or cofactor (NADPH) (37) . Coincidentally, the mutation results in a single set of NMR peaks and disappearance of the slow ligand-independent phase observed in fluorescence quenching experiments. On the basis of these observations, Met20 loop movement may be a limiting factor in substrate turnover (21).
Although NMR experiments on the folate binary complex of E. coli DHFR failed to reveal any resonance splitting (18, 19), evidence for an equilibrium between two conformational substates has recently come from high-pressure NMR studies (33). Upon increasing the pressure to 2000 bar, several resonances in the spectrum of the folate complex split or broaden, revealing a second conformational state whose population is strongly temperature dependent. The second conformer appears to be more open and more hydrated than the first, and Akasaka and coworkers (33) propose that it might represent an open conformation of the Met20 loop comparable to that observed in X-ray structures. The population of the secondary conformer is estimated to be ∼10% at 1 bar and 15
• C, and it lies about 5 kJ/mol in energy above the occluded ground state conformer. Its low, temperature-dependent population probably explains why it was not observed in NMR experiments at normal pressure.
Kraut and coworkers (22) measured fluorescence decay for 13 DHFR mutants with diminished rates of catalysis. Excluding mutations at the critical protondonating Asp27, they found a striking correlation between dynamically quenched fluorescence and the rate of hydride transfer in the NADPH holoenzyme. From the loss of electron density in X-ray structures of the wild-type enzyme, they postulated that motions in the Met20 loop and the nicotinamide ring are primarily responsible for fluorescence quenching.
Thus, a large body of evidence points toward flexibility of the Met20 loop on a timescale (∼2-40 s −1 ) relevant to processes of substrate and cofactor binding and product release. While loop fluctuations undoubtedly play an important role in the catalytic cycle of DHFR, the Met20 loop may also contribute to catalysis through active site compression and stabilization of the transition state (10). In the closed conformation inferred for the Michaelis complex and the transition state, the side chain of Met20 is directed toward the active site and packs against the nicotinamide and pterin rings. This serves to shield the active site from solvent, generating a low dielectric and raising the pK a of the putative proton-donating aspartate residue (10).
Changes in Protein Flexibility During the Catalytic Cycle
Variations in crystallographic temperature factors (B-factors) for E. coli DHFR suggest that the amplitude of motions varies along the polypeptide chain, as well as between different liganded complexes of the enzyme (7, 8, 56) . The variation between structures centers largely on the Met20 and F-G loops, which exhibit low B-factors (suggesting little motion) in the closed complexes and higher Bfactors (implying more motion) in the occluded complexes. In the extreme case, the Met20 loop in the apo-enzyme has no electron density (indicating that it is completely disordered). Thus, it was suggested that active site loop flexibility, as well as structure, depends on ligand binding and therefore varies during the catalytic cycle (56) .
B-factors reflect only amplitudes of motion, not timescales, and cannot discriminate time-dependent motions from static disorder. A more detailed picture of protein dynamics at the level of individual residues is obtained using solution NMR spin-relaxation methods. Insights into molecular motions that occur on timescales faster than the overall tumbling of the macromolecule can be derived from the longitudinal (R 1 ) and transverse (R 2 ) nuclear spin-relaxation rates, and the [
1 H]-15 N heteronuclear NOE. The relaxation data are commonly treated using the Lipari-Szabo model-free analysis (37a, 37b). Internal motions are described in terms of an order parameter, S 2 , that provides a measure of the amplitude of internal motions and an internal correlation time, τ e , that provides information on the timescale of the internal motions. S 2 ranges between 1 (no internal motion) and 0 (internal motion completely independent of molecular tumbling). A chemical exchange contribution to R 2 , denoted R ex , arises from much slower motions, on the microsecond-millisecond timescale. R ex terms can be identified either implicitly from a detailed analysis (e.g., using the model-free approach) of the spin-relaxation rates coupled with knowledge of the molecular structure and the tensor describing molecular tumbling in solution, or explicitly from R 2 relaxation dispersion measurements.
The first comprehensive NMR study of dynamics in DHFR focused on the amide backbone and tryptophan side chain motions of the folate binary complex N heteronuclear NOE values gave a highly detailed view of the magnitude and timescale of motions in DHFR, and identified several regions with below-average S 2 order parameters, indicative of large-amplitude motions on the picosecond-nanosecond timescale. These included the hinge residues Lys38 and Val88, residues Gly67 and Asp69 in the adenosine binding loop, and several residues in the Met20 loop and the F-G loop (Figure 6a ). The decreased order parameters for residues in these regions are associated with internal correlation times on the order of 1-2 nanoseconds, significantly shorter than the overall rotational correlation time of the molecule, around 9 ns (45) .
Measurements of the main chain dynamics were extended to complexes that model intermediates in the catalytic cycle (45) . The ternary complex with folate and 5,6-dihydroNADPH (henceforth designated E:folate:DHNADPH) assumes an occluded loop conformation in which the adenosine ring of the cofactor is bound, but the nicotinamide ring is flipped out from the active site pocket into the solvent (45, 46) ; this complex is a model for both the ternary product complex (E:THF:NADP + ) and the product release complex (E:THF:NADPH). In the ternary complex with folate and NADP + (E:folate:NADP + ), the Met20 loop is in the closed conformation and both the substrate pterin ring and the cofactor nicotinamide ring are inserted into the active site pocket; this complex is a model for the Michaelis complex formed during the catalytic cycle (56) . Finally, the folate binary complex was used as a model for the THF product binary complex (45) . 
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The timescale and amplitude of backbone motions were found to depend primarily on the conformation of the active site Met20 loop. The backbone dynamics in the E:folate:DHNADPH complex are similar to those in the occluded folate binary complex, with large-amplitude motions on a picosecond-nanosecond timescale in the Met20, F-G, and adenosine binding loops (Figure 6b) . Formation of the closed Met20 loop conformation in the ternary complex with folate and NADP + results in attenuation of the motions in the Met20 and F-G loops, as indicated by an increase in S 2 and loss of nanosecond timescale motions, but gives rise to increased flexibility in the adenosine binding loop (Figure 6c) . Studies of side chain methyl dynamics in the occluded E:folate and closed E:folate:NADP + complexes indicated a similar trend (57, 58) . The relaxation data thus indicate that both backbone and side chain dynamics change during the catalytic cycle and point to an important role for the Met20 and F-G loops in controlling access to the active site. The large-amplitude backbone fluctuations of the Met20 and F-G loops in the occluded conformation (Figure 6b ,c) are likely to facilitate binding of the nicotinamide ring to form the Michaelis complex and also to promote THF-assisted product release. Because the Met20 loop blocks the active site in the occluded conformation, significant backbone motion is essential if the nicotinamide ring of the cofactor is to access its binding pocket, which is of course a prerequisite for hydride transfer. Upon movement of the nicotinamide ring into its binding pocket, the Met20 loop closes down over the active site and its picosecond-nanosecond timescale motions become attenuated. Thus the Met20 loop acts as a flexible gate, helping to stabilize the nicotinamide ring in a geometry conducive to hydride transfer (Figure 7 ).
Microsecond-Millisecond Timescale Motions
Insights into conformational fluctuations on the microsecond-millisecond timescale can be obtained from exchange contributions (R ex ) to the R 2 relaxation rate ( Figure 6 ). For DHFR, differences in these slow-timescale motions between the occluded and closed conformational states were first indicated by changes in the R ex terms determined from model-free analysis of the 15 N relaxation data (45) but were later verified by direct R 2 dispersion measurements (D. McElheny, J.R. Schnell, H.J. Dyson & P.E. Wright, unpublished data). Upon formation of the closed E:folate:NADP + complex, new microsecond-millisecond timescale fluctuations are observed for several residues (Leu24, Gly121, and His149) in regions that form hydrogen bonds between the Met20 and F-G or G-H loops. These differences in slow-timescale dynamics appear to be related to the structural changes that accompany the occluded-to-closed transition. During the transition from the occluded to the closed state, the breaking of hydrogen bonds between Asn23 and Ser148 may permit slow conformational fluctuations that influence the R 2 relaxation of neighboring residues (45) . Similarly, the exchange processes observed at Gly121 have been attributed to hydrogen bonding changes between the Met20 and F-G loops, and exchange contributions have also been observed for residues 132 SCHNELL DYSON WRIGHT in contact with the pterin and nicotinamide rings in the closed E:folate:NADP + complex, revealing the presence of microsecond-millisecond timescale motions in the active site (45) .
Thus, 15 N relaxation measurements for the closed E:folate:NADP + complex reveal the presence of conformational fluctuations in the active site and its surrounding loops on a timescale comparable to that of the hydride transfer step of the catalytic cycle, 220 s −1 at pH 7 (9, 24). The 15 N resonances of many of the residues that exhibit exchange terms have large chemical shift differences between the closed and occluded conformations, which suggests that the slow-timescale process might involve a closed-occluded conformational equilibrium (45) . This has recently been confirmed by measurements of 13 C R 2 relaxation dispersion for side chain methyl groups that show a linear correlation between the chemical shift difference responsible for the R ex contributions to R 2 and the static chemical shift difference between the closed and occluded states (57) .
The X-ray structural data suggest that conformational fluctuations between the closed and occluded conformations must involve exchange of the nicotinamide ring into and out of the active site pocket. Both 15 N and
13
C relaxation experiments show that this process occurs on a microsecond-millisecond timescale. Such a process could directly explain the fluorescence quenching data that correlate with hydride transfer efficiency (22), as both processes depend on binding of the cofactor nicotinamide ring within the active site pocket. The finding that the closed-occluded loop conformational change is intrinsic to the structure of E. coli DHFR indicates that it is likely to play an important role in ligand binding and catalysis. The closed-occluded equilibrium may resolve several lingering questions related to the rates of substrate ring flipping (48) . It also raises the question as to whether the multiple conformations observed in, for example, the apo-form of E. coli DHFR or the trimethoprim and NADP + ternary complex of L. casei DHFR are somehow related to the closed-occluded conformational transition.
Side Chain Rotamer Averaging
NMR studies of the E:folate:NADP + complex have revealed the presence of dynamic rotamer averaging about the χ 1 dihedral angle for several threonine, isoleucine, and valine residues located in the substrate and cofactor binding sites and in the interface between the Met20 and F-G loops (57, 58) . In particular, Ile14 and Ile94 populate both the gauche + and trans rotamers in solution, although only the gauche + rotamer is observed in the X-ray structure (8, 56). In the trans rotameric state, the side chains of Ile14 and Ile94 would overlap partially with atoms of the nicotinamide and pterin rings, respectively; these unfavorable contacts could be relieved by motion of the nicotinamide and pterin rings toward each other (58) . Thus it appears that, in solution, the enzyme samples states in which the distances between the nicotinamide and pterin rings are closer than the distances observed in the crystal structures. Because the optimal geometry for hydride transfer involves sub-van der Waals contacts between the hydride donor and acceptor atoms (65) , dynamic sampling of the trans χ1 rotamers of Ile14 and Ile94 could play a role in transition state stabilization (58) . Line broadening is observed for the methyl resonances of Ile14, which implies that transitions between its rotameric states are likely to occur on a microsecond-millisecond timescale.
EFFECT OF MUTATIONS ON HYDRIDE TRANSFER RATES
Numerous mutations have been introduced into E. coli DHFR to probe the role of flexibility and conformational change in the Met20 and distal loops in catalysis. The role of the hydrogen bonding networks formed between the Met20 and F-G loops and the Met20 and G-H loops in the closed and occluded conformers, respectively, has been investigated by Benkovic and coworkers (41, 43) . Substitution of Asp122 in the F-G loop with residues that have decreased ability to form the side chain hydrogen bond to Glu17 leads to a decrease in both the NADPH affinity and the hydride transfer rate (41) . Indeed, the hydride transfer rate is directly correlated to the NADPH binding affinity, confirming the importance of this hydrogen bonding interaction in formation of the transition state. The mutational effects support a mechanistic model in which a conformational equilibrium between the closed and occluded loop conformation plays an important role in cofactor binding and catalysis. Mutations that impair the hydrogen bonding interactions between the F-G and Met20 loops skew the equilibrium away from the catalytically competent closed conformation and significantly diminish the enzyme activity. In contrast, mutations in the G-H loop residue Ser148, which forms hydrogen bonds to the Met20 loop in the occluded conformation, have little effect on the hydride transfer rate (43) . However, as predicted from the closed-occluded equilibrium model, mutation of Ser148, or even partial deletion of the G-H loop, favors binding of NADPH and disfavors binding of pterin, highlighting the role of the occluded conformation in modulating substrate and cofactor binding. Thus, the interaction between the Met20 and G-H loops appears to play a role in modulating ligand dissociation rates for proper cycling through the preferred kinetic pathway.
The flexibility (18) and moderate conservation of Gly121, which is located more than 15Å from the site of hydride transfer, make it an attractive target for mutational studies to investigate the importance of F-G loop dynamics in ligand binding and catalysis. Mutation of Gly121 to valine (the G121V mutant) results in a 40-fold decrease in NADPH binding affinity and a striking 200-fold decrease in the hydride transfer rate (9). Furthermore, the G121V mutation introduces a new step into the catalytic cycle that reflects a slow (3.5 s −1 ) conformational change prior to hydride transfer and that probably involves exchange of the nicotinamide ring of the NADPH into the active site to form the Michaelis complex. Deletion of Gly121 has similar affects on the kinetics (40) . While the detailed mechanism by which Gly121 mutations impair hydride transfer remains to be established, it is of interest that NMR relaxation measurements on the folate binary complex of G121V indicate a significant loss of flexibility in the F-G loop that is propagated through to the active site Met20 loop (57) .
The kinetic effects resulting from mutations of other distal residues, selected on the basis of sequence conservation, backbone flexibility, and participation in dynamically coupled networks (see below), have been investigated (51) . In contrast to mutations at Gly121, substitution of the highly flexible Gly67 residue in the adenosine binding loop has little effect on hydride transfer kinetics or cofactor binding. Likewise, conservative mutations at Phe42 have little effect on the kinetics. It is particularly striking, however, that double-mutant enzymes in which residue 42 and 121 are both substituted exhibit synergistic decreases in forward hydride transfer rates, with little change in substrate or cofactor binding affinity. These nonadditive effects on the hydride transfer kinetics have been interpreted as evidence that dynamic coupling between distal residues plays a role in lowering the activation energy barrier (2, 51).
THEORETICAL STUDIES
A number of recent studies have investigated DHFR dynamics using theoretical methods. The advantages of computational studies include the ability to identify motional correlations between different regions of the protein and to simulate, in silico, the dynamics of transient complexes such as the Michaelis complex, which are too short-lived to allow direct experimental analysis by NMR.
Classical Molecular Dynamics and Ensemble-Based Models
Molecular dynamics simulations of a number of complexes of E. coli DHFR have been reported (35, 36, 49) . The simulations reveal enhanced backbone flexibility in the Met20, F-G, and adenosine binding loops, in general agreement with experimental 15 N relaxation measurements (45) . Radkiewicz & Brooks (49) performed 10-nanosecond molecular dynamics simulations to investigate the backbone motions in three ternary complexes-the Michaelis complex (E:DHF:NADPH), the product complex (E:THF:NADP + ), and the product release complex (E:THF: NADPH)-found in the catalytic cycle. These simulations revealed coupling of motions between distant regions of the protein in the Michaelis complex. In particular, motions of residues 116-125 (in the F-G loop) are strongly coupled to motions in the neighboring Met20 loop as well as to distant regions of the structure, namely the α C helix and the adenosine binding loop. This motional coupling disappears in the product complexes. Motional coupling between the loops in the major subdomain and between the adenosine binding and substrate binding sites was also observed in molecular dynamics and normal mode simulations for L. casei DHFR (62) . Interestingly, mutations that impair catalysis by E. coli DHFR are located predominantly in regions of the protein that exhibit strong motional coupling, leading to the suggestion that protein dynamics may be important in catalysis (49) .
The observation of strong motional coupling between the active site region (Met20 and F-G loops) and the adenosine binding loop (residues 67-69), which is more than 20Å distant, is of special interest. Energetic coupling between these regions has also been predicted from ensemble-based computational modeling, and it has been suggested on theoretical grounds that stabilization of the substrate binding site upon formation of the folate complex results in destabilization of the adenosine binding loop (47) . X-ray and NMR experiments lend support to these predictions: Binding of MTX leads to a decrease in X-ray temperature factors throughout the protein, except in the adenosine binding loop, where the B-factors are increased consistent with enhanced flexibility. Coupling between the adenosine binding loop and the active site is also evident in NMR relaxation experiments, where increased flexibility on a nanosecond timescale is observed for residues 64-72 on formation of the closed E:folate:NADP + complex (45) . However, mutational studies of Gly67 indicate purely additive effects in double mutations of both Gly67 and Gly121 in the F-G loop (51) , leading the authors of that study to dismiss adenosine loop motions as unimportant for function. Clearly, additional studies are required to resolve this issue.
Quantum/Classical Molecular Dynamics Approaches
Recently, a quantum/classical molecular dynamics approach has been used to identify a network of coupled motions, extending throughout the protein and ranging from the femtosecond to millisecond timescale, that may play a role in promoting hydride transfer (1, 2). The concept of "promoting motions" was introduced and refers to the thermally averaged structural changes that occur as the system evolves from the Michaelis complex to the transition state to the product. Promoting motions describe motions that occur in conjunction with the hydride transfer process and thus must necessarily be on the millisecond timescale (2). The simulations showed that several key residues in the active site, most notably Ile14 and Phe31, participate in the network of promoting motions; it was suggested that motions of these side chains assist in directing the hydride donor toward the acceptor. It is especially interesting, in this regard, that NMR experiments have identified fluctuations of the Ile14 side chain that populate a rotameric state which would tend to push the nicotinamide ring toward the pterin ring of the substrate (58) . In addition to residues within the active site, some residues on the periphery of the enzyme were observed to undergo promoting motions, most notably the highly conserved Asp122, which is involved in a critical hydrogen bonding interaction with the Met20 loop that stabilizes the closed active site conformation (41, 56) . Quantum-mechanical calculations provide evidence for hydrogen tunneling and dynamic barrier recrossings that are modulated by motions of residues located in and distal to the active site (1).
Theoretical methods have also been used to obtain insights into the mechanisms by which mutations in regions distant from the active site influence the catalytic activity of DHFR. As discussed above, mutation of Gly121 to valine and other bulky 136 SCHNELL DYSON WRIGHT residues dramatically decreases the hydride transfer rate (9). Hybrid quantum/ classical molecular dynamics simulations for the G121V mutant indicate that this is due to an increase in the free-energy barrier and suggest that the mutation may disrupt the network of coupled transition state promoting motions (64) . The simulations also indicate correlated structural changes, on the femtosecond-picosecond timescale, between Gly121 in the F-G loop and Met42 in the hydrophobic core of DHFR, suggesting that nonadditivity in the kinetic effects of double mutations at these sites might have an origin in long-range dynamic coupling (2). This latter interpretation has recently been questioned on the basis of molecular dynamics simulations for wild-type and mutant forms of DHFR that reveal long-range structural perturbations that increase the activation energy barrier for hydride transfer (54) . Although it remains unclear whether nonadditivity in the kinetics represents motional or structural effects, both the existence of cooperative interactions between distant sites in the enzyme and the presence of pervasive millisecond timescale motions in and around the active site have been established beyond doubt by these theoretical calculations and by experiment.
CONCLUSIONS
Flexibility appears to be a general characteristic of active sites and ligand binding pockets. Frequently, however, a lack of structural or biochemical information prevents interpretation of molecular motions in functional terms. Hence, although dynamics is often invoked to resolve structure-function discrepancies, few convincing correlations between dynamics and function have been described. Owing to the wealth of mechanistic, structural, and dynamic studies focused on the enzyme, DHFR represents a unique system for investigating the role of dynamics in enzyme catalysis. These studies reveal an essential role for substantial backbone and side chain motions in cofactor and substrate binding and in the catalytic cycle. Most important are those within the Met20 active site loop, which exhibits significant conformational changes that guide the enzyme along the preferred catalytic pathway. The Met20 loop undergoes fluctuations over a wide range of timescales, from picoseconds to milliseconds, including motions that are comparable to the timescale of product release, which is the rate-limiting step under conditions of steady-state turnover. Additional motions on the timescale of the chemistry, i.e., of the hydride transfer step, have been detected in models of the Michaelis complex. Both experimental measurements and computer simulations point to long-range motional and energetic coupling within the enzyme that is likely to play an essential role in catalysis.
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Figure 3
Structural overview of E. coli DHFR. The ternary complex with folate and NADP + illustrates the substrate and cofactor binding sites. The major subdomain loops are labeled and highlighted in green (Met20), dark blue (F-G), and red (G-H). The adenosine binding subdomain is light blue. Folate and NADP + are drawn in ball-and-stick format and labeled. The structure is oriented so that the cofactor nicotinamide ring is in the plane of the paper. The figure was generated with the program MolScript (34) using PDB coordinates 1rx2 (56) . (45) . The ribbon is color-coded to indicate S 2 values: S 2 > 0.8, blue; 0.71 < S 2 < 0.8, orange; S 2 < 0.70, red. The radius of the ribbon is increased to reflect the decrease in S 2 values. The figures were generated using the PDB coordinates 1rx7 and 1rx2 for (a) and (b), respectively (56) . Figure reproduced from Reference 45.
